the Stommel Diagram to enhance research on biological production in ocean environments, a key concern by the 1970s amid growing alarm about overfishing and ocean pollution. Before the end of the twentieth century, the diagram had become a significant tool within the discipline of ecology. Tracing the path that Stommel's graphical techniques traveled from the physical to the biological environmental sciences reveals a great deal about practices in these distinct research communities and their relative professional and institutional standings in the Cold War era. Crucial to appreciating the course of that path is an understanding of the divergent intellectual and social contexts of the physical versus the biological environmental sciences.
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I NTR OD u CT I O N
In 1978, Loren R. Haury, then a thirty-nine-year-old biological oceanographer at the Woods Hole Oceanographic Institution and John McGowan and Peter Wiebe, published a landmark paper in the field of plankton studies. At the heart of the paper, jointly written with two fellow biological oceanographers, was an innovative graphical interpretation labeled the Stommel Diagram. While geographers, physicists, mathematicians, and astronomers had tried for decades to represent the four dimensions of space and time on a two-dimensional graph, the Stommel Diagram, published in 1963, was perhaps the first effort to use a three-dimensional diagram to graphically capture similar phenomena in the marine sciences.
1 Haury and his colleagues employed the Stommel Diagram to describe the time and space scales of plankton distributions, then a critical challenge for biological oceanographers. Marine scientists had come to realize that plankton was clumped, not uniform, throughout the near-surface oceans, and understanding phytoplankton concentrations in three dimensions, and how it changed over time, was crucial for understanding its role as a food source for marine life. Within a decade after the paper by Haury et al. appeared, the Stommel Diagram had become a central tool of ecology, a highly effective means to compare "space and time scales of ecological questions to the capacity of research programs." 2 Especially interesting is the subject matter of the 1978 Stommel Diagram. What Haury and his colleagues presented was not the same diagram that Stommel had developed nearly a decade and a half earlier. The original was also a three-dimensional graphical depiction of four-dimensional phenomena. But Stommel's 1963 graph addressed the space and time scales of physical phenomena in the high seas, the field in which Stommel worked, and was addressed to colleagues in physical oceanography. By 1978 the Stommel Diagram, which had generated only limited enthusiasm in the physical sciences, made a significant cross-disciplinary leap.
Graphical techniques are one of the most important modern developments in science, allowing the representation of relationships not immediately discernible from tables or equations. Absent during the Scientific Revolution, their rapid proliferation in the nineteenth century suggests, as Thomas L. Hankins has noted, "a profound change in the way that scientists go about their business." 3 In 1840 the British astronomer John Herschel, who had pioneered graphical techniques to calculate orbits for double stars, justified graphical methods in science as providing "the intermediate step between observation and theory that enable the theorist in particular, to choose his ground above all individual place and circumstance, and to select his data, not where casualty or convenience shall have led the observer to collect them." 4 Graphs, claimed Herschel's contemporary William Whewell, the philosopher and Cambridge scientist, could help suppress errors and create facts "more true than the individual facts themselves." As both Herschel and Whewell anticipated, graphical techniques would become particularly crucial for the field sciences, where abundant data at various spatial and temporal scales were often unavailable prior to the late twentieth century. Already by the late 1830s Whewell had successfully laid the foundations for a science of tides using this approach. 5 Despite their significance, however, graphical techniques have received relatively limited attention from historians of science, who have primarily studied the origin of particular graphical techniques and their diffusion within individual disciplinary communities, leaving aside how innovations migrated into new multidisciplinary territories. 6 The Stommel Diagram's leap from the physical to the biological sciences therefore can offer significant insights into how experimental and theoretical techniques, typically embodiments of tacit knowledge, cross disciplinary thresholds and become adopted (and modified) by new research communities. Several immediate questions emerge: What did Stommel intend to achieve with his pioneering graphical technique? And why did physical oceanographers pay comparatively little attention to his graph, even though he was widely regarded as one of the most influential oceanographers of the twentieth century?
7 Did other techniques fill the same niche for the physical oceanographers? How did the diagram take root in biology, and in what ways did it travel? Why did the Stommel Diagram only begin to spread exponentially once it became a tool of biological oceanographers and ecologists, and why did the diagram retain ; on Whewell's larger institutional and professional aims, see 6−17 and 122−295. As Reidy notes, "As science expanded geographically and the object became to find the relationship among increasingly complex variables, the visual graph emerged as a means of accurate and useful representation. The graph was ideally suited to represent massive amounts of data at a single synoptic glance; visual trends appeared in the data that were difficult if not impossible to discern through tables." (191) 6. Notable exceptions, in addition to Hankins, "Blood, Dirt" (ref. Stommel's name (and priority) even when it was the work of Haury and his colleagues that made the Stommel Diagram accessible to them?
The uses of the Stommel Diagram are also of interest. David Kaiser has rightly emphasized that, from the time of their integration into science, graphical techniques were less related to theory than to calculation: by examining graphs, he writes, "at once we have been drawn into a world of calculations, rather than worldviews, paradigms, or theories."
8 Yet the Stommel Diagram was not a means of calculation, either in physics or biology. To this day, a quantitative Stommel Diagram has yet to be produced. 9 Did supporters of the Stommel Diagram value it primarily for its potential to make calculations, or rather as a means to improve experimental design, to reduce bias in experimental data, and to evaluate competing theoretical claims?
It is also worth noting that the Stommel Diagram was transformed as it moved from physics and blossomed in biology, its axes now reflecting factors germane to marine ecology rather than the properties of ocean waters. In "Visualization and Cognition: Drawing Things Together," Bruno Latour argued that the process of scientific communication and the production of knowledge depends on immutable mobiles traveling largely intact to and from centers of calculation, particularly those that are graphical in nature. As Latour notes, "they are immutable when they move, or at least everything is done to obtain this result." 10 Kaiser has challenged a strict Latourian interpretation of the spread of perhaps the most iconic and powerful graphical representation in twentieth-century science, the Feynman Diagram in nuclear physics, introduced by the U.S. physicist Richard Feynman in 1949. Certainly the ecological version of the Stommel Diagram looked like its physical oceanographic counterpart, and both varieties portrayed similar kinds of phenomena. But once integrated into biology, the Stommel Diagram sometimes appeared in two distinct forms-one of which (a simplified two-dimensional translation) bore only a limited resemblance to Stommel's original 1963 creation. Tools are indeed malleable and multivalent.
11 But Kaiser's study focused on laboratory science. Additional insights may emerge by examining how new methods are transmitted within the field sciences, particularly among members of research communities seeking to classify phenomena on various scales, an issue critically important to ecosystems theory in the second half of the twentieth century.
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Understanding why Stommel created his original diagram, and its subsequent leap to the biological sciences, we argue, requires a careful examination of the distinct circumstances of physical and biological oceanography in the second half of the twentieth century. In particular, they involve the character of post-World War II science, disputes over patronage and the production of knowledge, the development of technologies able to collect massive amounts of data, the rapid rise of ecology as a distinct research field, geopolitical struggles over marine exclusive zones, the decline of commercial fisheries populations, and the political economy of the environmental sciences within the United States. That is to say, the manner in which Stommel's graphical technique emerged as a key ecological tool reveals much about the practices and standing of a wide range of science disciplines in the Cold War era, in particular the emerging environmental sciences in the United States-and its initially far better-supported physical branches.
H E N RY STO M M E L A N D T H E CR E AT I O N OF TH E STO M M E L D I AG R A M
Henry (Hank) Stommel (1920 Stommel ( -1992 was one of the most prominent and influential U.S. oceanographers of the twentieth century. Intellectually restless, with remarkably broad interests, Stommel entered Yale University in the late 1930s believing himself bound for divinity school. Instead, he graduated in 1942 with a degree in astronomy. He then began wartime service, spending the next two years teaching analytic geometry and celestial navigation in Yale's Navy V-12 program, designed to provide a short but thorough college education to potential officers. Stommel's upbringing as a Methodist pacifist made him reluctant to serve in the military; he later cited his role as a teacher as "not a consistent or logical moral position, but at least I was not personally killing 12 soon-classic paper established Stommel's ability to create simple models of idealized situations that required limited mathematics. By the early 1950s, he began stressing the need for detailed time-series data on pressure, temperature, and currents in the deep oceans for use in theoretical models of ocean circulation. Working with the British oceanographer John Swallow, who had developed the Swallow float to record such data, Stommel began investigating fluctuations of flow in the deep oceans.
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In arguing that new forms of measurement were on the horizon, Stommel shared the concerns of many physical oceanographers that modeling efforts might proceed without sufficient observational verification. In 1955 the Woods Hole physical oceanographer William von Arx warned colleagues that "we lack the necessary insight to extend our thinking very far without observations to verify our progress." 18 In his own subsequent writing, Stommel insisted that "too much of the theory of oceanography has depended upon purely hypothetical physical processes. Many of the hypotheses suggested have a peculiar dreamlike quality, and it behooves us to submit them to especial scrutiny and to test them by observation."
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Well into the second half of the twentieth century, most researchers in oceanography were primarily theorists or experimentalists. Stommel was both: from the late 1940s to his death in 1992, his work touched on almost all branches of physical oceanography. In 1959, noting that oceanography was "one of the last remaining strongholds of the all-embracing naturalist," the eminent geophysicist Jule Charney declared that Stommel (and Walter Munk at Scripps) were its two most versatile practitioners. 20 Through the early 1960s, most of Stommel's publications on physical oceanography appeared in focused research journals. At the same time, he gave thought to the larger questions raised by the tools used to collect the data for these publications. The flood of new data, the development of new instruments, and the challenges of understanding phenomena at varying spatial and temporal scales in the oceans over long periods of time-all were on Stommel's mind. Indeed, they had begun to coalesce in his thoughts nearly ten years before, and were captured in a question that became the title of one of his most influential privately circulated papers, "Why Do 24 Forwarding the paper to colleagues in physical oceanography, Stommel called it "a little memo about types of observations needed in oceanography," adding that it was a "polemical pamphlet." 25 The polemical label was apt. It was a creative approach Stommel employed to deal with his mounting frustration over the lack of widespread systematic data collection that he believed necessary to gain "an accurate idea of the mean distribution of properties in the ocean." 26 Not until 1963 did Stommel write a second, similarly forceful statement on experimental practices in physical oceanography, this time for publication. "Varieties of Oceanographic Experience"-his "valedictory to Harvard," as he later put it-appeared in the journal Science. 27 In contrast to his "Dream-Like" paper of nine years before, "Varieties" was largely qualitative. But it contained his strongest assertion yet of what he considered one of the key challenges of physical oceanography: the design of expeditionary programs needed to take into account the "whole spectrum of phenomena" on both periodic and geometric scales. This paper marked the first appearance of what was later termed the Stommel Diagram.
This now-classic Stommel Diagram (Fig. 2a) was a "schematic diagram of the spectral distribution of sea level." 28 As Stommel devised it, the diagram was a three-dimensional plot with time versus space as the axes of the horizontal (X-Y) surface, and the power of the spectrum as the vertical (Z) axis. Short time period and short wavelength phenomena (such as gravity waves and tsunamis) were represented near the X-Y origin.
29 Very long-term variations-for example, ice age changes in sea level-appeared at the extremes of X and Y. 29. Gravity waves in the earth and atmospheric sciences are distinct from gravitational waves or gravitational radiation, which are perturbations in space-time as treated in general relativity; Tidal terms were depicted as two peaks, with long wavelengths and high power at a 12-and 24-hour timing. While intending to illustrate a general point, Stommel went on to provide a practical example. He used the plot to evaluate the results of the Argo research cruise in the Indian Ocean, undertaken by Scripps in 1960 as part of the Indian Ocean Expedition. (Fig. 2b ) On this plot he indicated the spectra researchers expected to see (B) and the spectra actually observed on the cruise (C). In so doing, he showed how a cruise designed to measure one set of spectra could not correctly map another set of spectra due to the mismatch in the timing and spacing of the samples researchers had taken. What made the diagram particularly significant and potentially useful was that it portrayed all of these relationships simultaneously.
At the time, researchers in physical oceanography were quite familiar with a wide range of techniques to visually display data and theoretical relationships. 
FIG. 2B
Stommel's application of his diagram to sampling strategies involving a research cruise in the Indian Ocean. His original caption read: "Schematic diagram of velocity spectra, showing (A) the two peaks associated with the Pacific equatorial undercurrent; (B) the two annual peaks which the Argo expedition expected to find for the Indian Ocean at the equator and which it planned to map; and (C) the probable actual peak for velocity that was revealed to be present but that could not be mapped by the procedures, appropriate for mapping B, that were employed in the expedition. " Stommel articles that Walter Munk, together with his Scripps colleagues Gaylord R. Miller and Frank E. Snodgrass, published in the Journal of Marine Research in 1962. Their work addressed in part the spectra of waves generated from a Pacific Ocean tsunami, and included diagrams of energy density versus wavelength-a relationship that later fit perfectly into one axis of the Stommel Diagram.
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Despite creating a technique later heralded as a breakthrough, Stommel seemed to have limited interest in the approach. The only other time he published a Stommel Diagram was in a 1965 article on planning a major research program on the Kuroshio Current, the fast-flowing warm river analogous to the Gulf Stream that runs from the Philippines past the east coast of Japan. In it he returned to his strategy from two years earlier, using this diagram to drive home the point that oceanographers needed to carefully consider the varieties of phenomena they wished to measure. Fellow oceanographers, he warned, needed to plan their experiments far more carefully than they often were normally inclined.
32

STOM M E L'S AM B I T I O N S: D E F I N I N G R E S E A R C H S T R AT E G I E S I N COLD WAR O C E A N O G R A P H Y
Key questions remain: what did Stommel hope to achieve with his diagram, and why did he put it forward? It was not for the purpose of calculation, the fundamental use for almost all graphs in science. Indeed, it was only vaguely quantitative, and no evidence suggests that he ever sought to use the diagram for producing quantitative information. The most persuasive answers come from considering the Cold War environment in which it was created, emerging tensions over competing institutional styles of oceanography in the United States, and perceived challenges to the autonomy of physical oceanographers as state funding spiked in the 1960s. An immediate stimulus for the graph was a visit that Stommel made to the Soviet Union in 1962. The occasion of the visit-partly a result of his interaction with Soviet oceanographers during a meeting of the International Union of Geodesy and Geophysics in Toronto in 1957-was to discuss a new Soviet proposal to begin large-scale repeated hydrographic studies of the world oceans. Submitted by members of the Soviet Academy of Sciences and the Soviet State HydroMeteorological Agency to the new Intergovernmental Oceanographic Commission (IOC) of the United Nations Educational, Scientific, and Cultural Organization (UNESCO)-a commission created to pressure governments to provide significant resources and national participation in major international cooperative programs-the Soviet plan sought "all-round knowledge of the physical, chemical, geological, and biological phenomena and processes developing in the water mass of the oceans, the atmosphere above it, in the earth crust beneath it; all these aspects should be viewed in their interrelations and mutual interdependence." While several nations had submitted ideas for internationally cooperative projects, and the IOC was already a co-sponsor of the Western-dominated International Indian Ocean Expedition, the Soviet proposal was unusually comprehensive, and the West German oceanographer Günther Böhnecke had recommended that U.S. and British experts (including Stommel) weigh in on it before final decisions were made.
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Joining his close colleague John Swallow and other U.S. researchers, Stommel used the opportunity to reiterate now-familiar arguments about proper sampling patterns in space and time. Many Western scientists, he argued, were convinced that ships should not be used for extensive and repetitive surveys of the kind the Soviet Union had proposed, since they were unlikely to yield insight into fundamental physical processes. Rather, surveys should be carefully designed to measure at scales appropriate to capture the phenomena being studied. For Stommel and Swallow, turbulence played such a major role in ocean properties that repeated ocean sections-linear slices of data collection made through particular regions-would be hopelessly distorted, aliased (sampled at too small or large a frequency to detect the sought-after phenomenon), and unproductive. Instead, Stommel and fellow American colleagues advocated using ships to study the role of eddies rather than for conducting standard ocean sections, believing this could help measure the seasonal variation of transport within the large current systems in the Atlantic and Pacific oceans. 34 Indeed, Stommel seemed determined to use his 1963 Science article (which included the first Stommel Diagram) to thwart what he regarded as illconceived international research proposals intended to gain UNESCO sanction and funding. " [I] nadequate design of the expedition on the whole" had now become the principal limitation for physical oceanography, rather than finding funding for large-scale voyages in physical oceanography, he argued. "If we regard an expedition as a scientific experiment, then we must propose to answer certain specific questions, and the strategy of exploration, the disposition of ships and buoys, and so on, must be designed with a view to obtaining quantitative, statistically significant answers to these questions." A simple net "does not catch fish of all sizes," just as "the existing net of tidegauge stations does not suffice for a study of geostrophic turbulence." No harm came from thinking about the ocean "in various simple ways, to see how satisfactory a model one can devise." Stommel nevertheless argued that even the massive research efforts undertaken during the International Geophysical Year (IGY) of 1957-58 often amounted to little more than unsophisticated surveys, concluding that the time had come "when consideration of the next stage in complexity can no longer be postponed. Happily, we have the technological means to begin oceanographic observation of the new type, and we can look forward to a time when theory and observation will at last advance together in a more intimately related way." 35 Stommel's Science article thus was an exhortation to fellow physical oceanographers to devise research strategies at the intersection of experimental and theoretical practice, borders he had straddled throughout his career. Why Stommel chose to publish his review in Science is uncertain. But in choosing the organ of the American Association for the Advancement of Science, rather than a specialized marine sciences journal, Stommel clearly wished to reach a wide range of professional researchers and planners. It marked a significant departure for Stommel, who previously had found little use for generalized scientific periodicals. In 1947, upon realizing he had missed a significant paper published in the Proceedings of the National Academy of Sciences by the physical oceanographer and former Scripps leader Harald Sverdrup, Stommel had sniffed that the Proceedings was a journal read only by "its aging members."
36 Now he had second thoughts. Stommel may also have sensed that Science's new editor, the physicist Philip H. Abelson, would find his concerns had merit. Anxious about the direction of science policy in the United States, and wary of the government's increasing role in setting research goals, Abelson had opened the journal to articles on science policy, and was about to publish the geophysicist M. King Hubbert's indictment of the coziness of U.S. research universities with federal patrons, "Are We Retrogressing in Science?" 37 That Stommel had a wide audience in mind for his argument-and for his graphical technique-seems clear.
Stommel's desire to address planning in oceanography also reflected his own experiences, both joyful and frustrating, at the interface of experimental and theoretical research. In 1954 Stommel started a series of hydrographic measurements, later termed the Panulirus series, in deep water off Bermuda (where Woods Hole maintained a research station). 38 As he reported in a characteristically folksy and detailed round-robin letter to oceanography colleagues in 1955, he had gotten thermistor cables installed after two tries, and could now see patterns caused by internal waves generated by distant storms. 39 series, these data provided a view of variability in the ocean. This work later contributed to his soon-classic 1958 book-length study, The Gulf Stream. 41 His labors also filled him with a rare calm. Proud of the sturdy, seaworthy buoys he had devised, Stommel also found his physical labor in the warm and then isolated environment of Bermuda to be energizing, writing his closest associates that installing the wireless telemetering buoys "was by far the happiest most pleasant bit of field work that I ever did. It was unhurried, comfortable, and lasted long enough for one to begin to get the feel of the sea." From this experience he drew institutional lessons: "I am positive that deep-sea research institutions should be (1) small (2) on ocean islands. Our big institutions get to be like factories after awhile-and they are too far from the deep-sea itself. . . . The freshness, easy associations, simple arrangements, informality of a little laboratory really makes one happy." 42 However, in carrying out this ambitious project, Stommel also faced the practical question of where to place moored buoys to measure currents. Researchers needed buoys to record major and fundamental patterns and physical properties, rather than local eddies-a crucial challenge in experimental design that informed his later thinking. His Bermuda work also reflected his growing interest in gathering time-series observations of pressure, temperature, and currents in deep ocean regions after he had initiated the Panulirus series. He devised an approach that involved strings of moored instruments and recoverable instrument packages containing automatic recorders, particularly after becoming aware of John Swallow's neutrally buoyant float system for tracking deep currents. During a 1957 cruise of the new WHOI research ship Aries, Stommel further tested his ideas about deep-water circulation, discovering that it displayed a wide spectrum of motions. 43 45 Stommel, Munk, and von Neumann discussed how high-speed electronic computers could be used to tackle previously unsolvable problems of oceanography, including understanding diffusion and calculating eddy viscosity. 46 Later, Stommel became particularly interested in the possibility of using computers to display and machine-plot oceanographic data. In 1963-the same year he was drafting the paper that came to include his influential diagram-Stommel wrote an article with Malcolm Pivar and Edward Fredkin, both at Maynard, Massachusetts-based Information International (an early computer technology company), on the machine display of oceanographic data. Their collaborative article (accomplished in part by Stommel making late-night forays to Maynard, situated west of Boston, so that he could gain additional computing time on the Digital Equipment Corporation machines located there) described a program to create a computer-compiled oceanographic atlas. They argued that the increasingly huge amounts of data being gathered by oceanographers could only be plotted by a computer, since individual scientists would want specific displays based upon what questions each was addressing. Stommel and his colleagues demonstrated that a cathode ray tube, light pen, input-output typewriter, and control switches could produce a display of data stored on magnetic tape. The output was a two-dimensional plot showing the location of data points; points could be interrogated for more information by pointing at them with the light pen. 47 While only a The most significant motivation behind Stommel's inclusion of the diagram, however, was the role he saw for it in maintaining the autonomy of individual scientists in setting the research agenda for physical oceanography-precisely as the field, buoyed by federal patronage, began expanding at an unprecedented rate. It was this theme more than any other that Stommel used in stitching together his 1963 Science essay. Early on, Stommel critiqued recent expedition planning, arguing that "[m]ore often than not the design characteristics of oceanographic experiments are such that few statistically significant answers are obtained" to address critical research questions. While individual researchers were sometimes at fault, thereby missing precious opportunities to make measurements that would enhance physical theory, he reserved his strongest criticisms for large-scale international scientific programs where state interests could compromise research designs and strategies. It was in this context that he took aim at the recently concluded IGY of 1957-58, arguing that "there is a need for more sophisticated and more physically oriented observational programs than the geographical surveys" he believed were the IGY's sole gains in many fields. 48 Why this concern had become central to Stommel in the early 1960s owed to major, indeed unprecedented, changes under way in the funding and organization of physical oceanography in the United States and Europe. Like his colleagues in physical oceanography at Woods Hole and similar research institutes in the United States, Stommel had perceived an extraordinary shift in the oversight of research in his field beginning in the late 1950s. Funding for physical oceanography had grown massively since World War II and the early Cold War years because of oceanographic research's application to the Navy's operational needs, including weather prediction and anti-submarine warfare. Navy contracts had been the engine that drove the dramatic expansion of Woods Hole from a nucleus of twenty-five individuals in the 1930s to nearly three hundred by 1945; like Scripps, it remained an active center for defense-related research through the 1950s. 49 What changed in the late 1950s was the intensity of U.S. Navy and federal interest in physical oceanography. Advances in Soviet submarine technology had made anti-submarine warfare the Navy's top priority, requiring it to have "as great an intimacy as possible with the unforgiving ocean environment." In 1958 the U.S. government had announced a dramatic expansion in support of oceanographic research, approving a major Next Ten Years in Oceanography (TENOC) program. By 1960, seventy percent of WHOI's research budget came from Navy contracts. 50 It was this ramp-up in 48 What Stommel found particularly troubling was not the volume of military funding available to physical oceanography. Despite his pacifist views, he recognized that Navy contracts had been his primary source of patronage throughout his research career. Rather, he objected to new procedures for funding research initiatives in his field. Through the mid-1950s, scientific expeditions from WHOI, SIO, and similar U.S. research centers had been primarily initiated and managed by research scientists at these institutions. As new funds burgeoned, and post-Sputnik pressures grew to utilize oceanographic research as an element of international diplomacy, planning for large-scale international oceanographic expeditions (such as the Soviet-initiated proposal for hydrographical studies of the world's oceans and the later-sanctioned International Decade of Ocean Exploration, or IDOE) came instead from international scientific commissions such as UNESCO's Intergovernmental Oceanographic Commission (IOC). Stommel found this worrisome. Already in 1962, a year before his article appeared in Science, Stommel had written Jerome Wiesner, President John F. Kennedy's science advisor, warning that oceanwide survey projects of the kind that Soviet oceanographers favored would likely be unproductive. He instead argued in favor of transforming the national effort in oceanography by allowing physical oceanographers to administer "a strong dose of mathematical physics."
52 This was hardly a new theme for Stommel. Already in 1954, in a private note to close colleagues, including Walter Munk, Stommel had belittled large-scale surveys, declaring that "the exploration stage was finished in the North Atlantic, for all intents and purposes, a few years ago, and I think it is fair to say that somehow we have lacked the necessary vision and imagination to face this situation squarely and to embark on the new phase of oceanographic research which seems to be required."
53 Now, however, the issue had mounting urgency. Burgeoning funding for physical oceanography and its heightened appeal to policymakers, in his view, threatened to undercut the best-science approach of its researchers. Indeed, for Stommel-and for many of his American colleagues in physical oceanography who had come of professional age in the early Cold War era-an emerging anxiety in the early 1960s was that oceanography was becoming a branch of "marine affairs," justified not only for fundamental research that contributed to national defense but also for its applicability to the disposal of nuclear wastes, predicting climate change, and exploiting the oceans as a food resource. As historian Jacob Darwin Hamblin has argued, senior physical oceanographers in this period felt this shift potentially "politicized science, threatened scientists' autonomy, and took the initiative for shaping the international scientific community out of the hands of scientists themselves."
54 By the mid-1960s a clearly conflicted Stommel-who favored the small-scale research programs of the sort he had led in Bermuda even while recognizing they belonged to a bygone era-sought to shape research policy in his field. In an unpublished draft statement, Stommel made this point most forcefully: "There is a growing consensus among physical oceanographers to find ways to shift the emphasis in oceanography from exclusive preoccupation with the methodology of geographical exploration, to a new methodology centered on revealing the physics of the processes at work in the ocean."
55 That Stommel wrote this statement when his 1965 article "Some Thoughts about Planning the Kuroshio Survey" appeared in print-the only other time in his career that he utilized a Stommel Diagram in his own publications, here also to argue the need for careful experimental design in a major research program-suggests the primary utility that Stommel perceived for his graphical technique. Despite Stommel's efforts to promote his visual innovation to his colleagues and to the wider scientific community, his diagram did not fundamentally influence scientific practice in physical oceanography. Few physical oceanographers cited it, and it did not become a core interpretive tool within textbooks-a marked departure from the fate of its near-contemporary in particle physics, the Feynman Diagram, which quickly spread within research communities, mutated to new forms, and became a key tool of calculation prominently featured in physics textbooks and at academic conferences. 57 Nor did any of Stommel's graduate students or close colleagues become enthusiastic advocates of the method. 58 While the Stommel Diagram was familiar to physical oceanographers at Woods Hole and Scripps, most seemed to regard it primarily as an auxiliary aid in planning research expeditions. 59 It would take several more years before Stommel's space-time diagram gained a new and much larger utility in the field of biological oceanography-and, subsequently, in the burgeoning discipline of ecology.
T H E D IAG RAM J u M P S: AD O P T I O N BY B I O LO G I CA L OCEAN O G RAPH E R S A N D T H E E C O LO G I CA L CO M M u N I T Y
In 1978, fifteen years after Stommel's pioneering three-dimensional graphical representation appeared in Science, the Stommel Diagram made a dramatic leap to a new scientific field. It appeared in a chapter called "Patterns and Processes in the Time-Space Scales of Plankton Distributions," written by the marine be short-lived. As he put it in his autobiography: "The truth is that I usually get tired and mired down in any one line of research after it has produced a few new results. Others with more highly developed techniques generally outrun me, so I leave the decorations of an idea to them. ecologists Loren Haury, John McGowan, and Peter Wiebe. Rather than depicting scales of oceanic circulation, they used the diagram to illuminate zooplankton biomass variability over various spatial scales-how it was distributed across the top layers of the ocean-together with the physical factors contributing to this variation. (Fig. 4) The article's main contribution was in emphasizing the importance of understanding scale as a key factor in assessing the relationships among phytoplankton, zooplankton, and fish populations. 60 Their use of a Stommel Diagram to explore these relationships soon became its most famous feature.
Within a decade, the biological version of the Stommel Diagram became a widely utilized graphical tool for addressing ecological relationships within the world oceans. 61 Throughout the last quarter of the twentieth century, this graphical technique propagated exponentially within the biological community, as the number of publications presenting the concept of scale that it embodied grew at nearly twenty percent per year. 62 In 1992 Northwestern University on a wide range of time scales such as ice ages, annual cycles, and daily changes (although now related to biomass variability). It retained the overall conventions of the original graphical representation, with short-term time and space scales in the foreground, and those of long duration and eras in the far background; the Z-axis continued to represent intensity. But in their version, Haury et al. reworked the diagram to address biomass variability rather than oceanic circulation. In addition to associating peaks for daily vertical migrations and annual population cycles with physical oceanographic factors such as eddies and currents, Haury et al. addressed changes in biogeographic provinces, island effects, El Niño events, oceanic fronts, and other ecological parameters. They used their paper to argue that zooplankton abundance was not only considerably influenced by hydrographic processes but also by zooplankton behavior, which caused micropatterns on scales from one meter (lasting for a few hours) to swarms bordering on a thousand kilometers (persisting for several days). 65 The paper also employed a thought experiment involving an infinite number of sensors that could be placed to measure variations in biological productivity over many spatial and temporal scales all at the same time. It was their focused, sustained attention to the problem of scale in studying plankton communities that helped establish their paper as a classic among marine ecologists. Plants had the shortest space and time scales; fish-measured in years and thousands of kilometers-the longest. In the second diagram, using identical scales, Steele plotted the space and time scales utilized by various kinds of sampling programs used by researchers, from single ship data (limited times and distances) to fish stock surveys, covering hundreds of kilometers over several years. Steele used these diagrams to buttress his argument that while horizontal variations at small scales were dominated by physical changes, at larger scales "biological interactions were more likely to occur." Both diagrams made it clear that sampling methods then in use were likely inadequate to provide data at sufficient resolution to address the "general problem of variability in the marine ecosystem." 67 For many ecologists, Steele's compelling restatement of the scaling issues that Haury et al. had raised was equally influential and memorable. But just how the Stommel Diagram jumped from the physical oceanographers to the biological community-a potentially important clue for understanding the transmission and production of knowledge-remains uncertain. Because the utility of graphical methods to new problems is rarely intuitively clear, personal exchanges are often required for them to spread. "The best way to send information," physicist J. Robert Oppenheimer had once remarked, "is to wrap it up in a person." 70 It is tempting to imagine that Stommel might have had direct contact with either Haury or Wiebe. Indeed, Stommel had just returned to Woods Hole when the Haury et al. publication had appeared, and Haury and Wiebe both held research scientist posts there. But WHOI was by then a sprawling institution employing hundreds of individuals, and despite close physical proximity, interactions between physical and biological oceanographers were limited. 71 No evidence suggests this occurred. One might also suspect a link involving Gordon A. Riley, an influential Yale-trained marine ecologist who had been an early Stommel collaborator. In the early 1940s Riley had grown interested in physical factors, including light and temperature, that affected the growth of phytoplankton. After reading the pioneering 1942 Oceans: Their Physics, Chemistry, and General Biology by Harald Sverdrup, Martin Johnson, and Richard Fleming, the first comprehensive textbook in the discipline, Riley became convinced that physical approaches to biological ecology were crucial analytical tools necessary to advance the field. Recruited to wartime research at Woods Hole, Riley had worked with Stommel in geophysicist Maurice Ewing's underwater sound research group, finding Stommel a kindred spirit who further sparked his interest in the fundamental physical properties in the oceans. In 1949 Riley, Stommel, and instrumentdesigner and biologist Dale Bumpus had collaborated in writing an important paper, which predicted the distribution of stable populations of phytoplankton and zooplankton that came about from changes in their physical environment. Oceanographer and historian Eric Mills later declared that Riley's models "set the standard for a new generation of biological oceanographers through their use of physical techniques," a radically new development that successfully united "the physics of the sea with its biology." 72 Significant as this paper was in providing a quantitative model for the impact of turbulence on phytoplankton production, Riley's 1949 contribution nevertheless did not directly connect marine ecologists with Stommel's graphical innovations. In part this owed to Riley's temperament and personality: a reclusive figure who sought the company of individualists rather than the forceful, entrepreneurial leaders of the biological oceanographic community, Riley was ill-suited to actively promote conceptual innovations. Moreover, Riley's contacts preceded Stommel's experimentation with scale diagrams by a decade, and Riley's work contained no direct references to graphical techniques. spatial scales in the oceans, and a third on temporal scales. His then-student, the future oceanographer Patricio Bernal, asked: why wasn't it possible to create a biological version of the Stommel Diagram? 75 It is certainly plausible that the diagram came into biology in this way: Stommel's research was known within Scripps through Walter Munk and other senior physical oceanographers, and McGowan's interest in sampling was equally evident.
What is not in question is the rapid spread and diffusion of the biological version of the Stommel Diagram. (Fig. 6 ) Citations to Stommel's original Science publication, as reported in Science Citation Index, reveal that the Stommel Diagram gained little traction among researchers in general until the late 1970s, when Haury, McGowan, and Wiebe (as well as Steele) published their own versions. Thereafter, its growth rate was remarkably rapid. (Fig. 7) Already in 1980, a review article on plankton spatial distributions credited Stommel with having "crystallized" a concept that was rapidly becoming axiomatic among researchers in this field: for any process to be studied, "the sampling grid has to be at least as finescaled as the scale of the process of interest."
76 Biological oceanographers and marine ecologists widely regarded Stommel as having priority in creating the first threedimensional graph to address scale as a fundamental issue: in only one instance did an author subsequently refer to a "Haury" Diagram. 77 It is thus noteworthy that the Stommel Diagram's leap into biology did not result in it losing its original identity: although modified, it was malleable.
W HAT MAD E T H E J u M P P O S S I B L E : TH E " MA R I N E R E VO Lu T I O N," TH E MAN AG E M E N T CR I S I S I N FI S H E R I E S, A N D T H E E M E R G E N C E OF E CO SYST E M E C O LO GY
It is relatively easy to answer why the Stommel Diagram spread into biology: it helped marine ecologists (and soon thereafter ecologists more generally) to comprehend space and time scales for ecological phenomena against the capacity of observational research programs to address them. 78 Already by the 1960s biological oceanographers had recognized that understanding the spatial and temporal variability of marine organisms, particularly phytoplankton, was a crucial challenge.
79 Unanswered questions at the time had included the relationship between chlorophyll and carbon in phytoplankton cells, how phytoplankton cells responded to light, and the importance of environmental variables such as mixing and upwelling, which the influential ecologist Ramón Margalef had suggested could play a significant role in phytoplankton populations. 80 By the 1970s a significant perceptual shift occurred among biological oceanographers: most became convinced that the apparent uniformity of the oceans, as Steele later declared, was simply "an illusion generated by the original need for widely spaced sampling both horizontally and vertically."
81 That is to say, measurement went from a significant to a fundamental concern within the marine ecology community, underscoring the importance of assessing physical and biological phenomena over a wide range of scales and times.
Precisely how biological oceanographers seized on the Stommel Diagramand why these developments occurred more than a decade after physical oceanographers had reached similar conclusions about the fundamental nature of scale-is a distinct question, which, like the motivations behind Stommel's creating the diagram itself, was tied to larger professional, disciplinary, institutional, and governmental issues in the Cold War era. One answer comes from For decades Steele had argued the importance of understanding the physical properties of the sea in order to prevent errors in interpretation due to selecting inappropriate regions or improper time and space scales for sampling; he proposed the workshop to reassess critical biophysical parameters affecting plankton communities. 82 He was increasingly awarefrom his own research at the Aberdeen Marine Laboratory and that of colleagues in marine ecology into turbulent diffusion and its effect on plankton distribution on scales of tens and hundreds of kilometers-that the issue of scale now loomed large for a variety of reasons. The improved precision of sampling instruments such as fluorometers, new insights into mixing on small scales, and the surprising variability of chlorophyll and nitrate concentrations highlighted these scale issues. Proper sampling, Steele argued, was the key to improving knowledge of marine ecosystems.
Steele made this point by advancing an argument similar in form to what Stommel had used in physical oceanography. "The classical survey used for fish stock assessment would sample at stations with a 50-100 km grid and repeat the program, if possible, 3-6 times per year over several years to give a 50-100 day spacing," he noted. But such sampling, "with minimum frequencies corresponding to expected herbivore variability, is almost perfectly designed to miss [annual migration cycles] producing apparently random data." 83 Steele invited some sixty participants from a dozen maritime nations to this workshop. It was at this conference that the seminal contribution from Haury and his colleagues, as well as Steele's own graphical representations, emerged. Answers to these questions emerge by considering the larger political economy of the marine sciences community in the last quarter of the twentieth century. Researchers in this field experienced a very different realm of opportunities and challenges than physical oceanographers (their wealthier, bettersupported cousins) had enjoyed a decade before. A number of factors-all mutually reinforcing-help explain the rapid but delayed rise of Stommel's graphical techniques within biology. Several paralleled those in physical oceanography. One critical development, as Steele noted, was the emergence of new instrumental techniques, particularly in the 1960s and early 1970s. Already by the 1920s the British researcher Alister Hardy had developed the Continuous Plankton Recorder, which he used in making regional surveys before and after World War II, as a way to sample near-surface plankton in space and time. But it was not until the 1950s and especially the 1960s, with the advent of new mechanical high-speed samplers, that plankton data increased dramatically.
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In the 1970s sampling was achieved at finer scales and over large oceanographic regions, including wide swaths of the North Atlantic Ocean, by use of new instruments, particularly in vivo fluorometry, which provided readouts of chlorophyll concentrations. 86 The growing availability of computers also allowed marine ecologists to better log data, control collection nets, and analyze datamirroring the circumstances that had encouraged physical oceanographers like Stommel to employ graphical techniques in the 1950s. 87 An even more important factor was that by the early 1970s biological oceanographers were for the first time able to mount observational programs involving several ships simultaneously, seeking ever finer resolution of phytoplankton and zooplankton populations. In 1976 the Fladen Ground Experiment (FLEX)-involving twenty ships to survey a hundred-kilometer cube of the North Sea for a hundred days-made the first intensive study of the spring plankton bloom in time and space, examining chemical and physical processes as well as biological ones. FLEX was soon regarded as a classic experiment, demonstrating the importance of scale for understanding the dynamics of phytoplankton production. 88 This increased the level of attention directed toward the problem of scale in biological oceanography, particularly since new data showed plankton patchiness was more widespread than marine ecologists had previously anticipated. As one marine ecologist noted in the late 1970s, "technology has advanced to the point that it is ahead of our capacity to interpret the data it can give us." 89 How did the biological ocean sciences gain these additional resources by the 1970s? As with physical oceanography, they did so through the increased involvement of the state. In this instance, however, rising state interest in this field was not primarily because of its military implications. Rather, the field benefited from heightened public and governmental concern over the health and stability of the ocean as a food source. In the United States, President John F. Kennedy in 1961 endorsed a national oceanic program, strengthening the already ambitious "Ten Years" plan for oceanography (TENOC) that the National Academy of Sciences had promoted in 1959. While military funds continued to flow to physical oceanography, it was during the 1960s that for the first time support for biological oceanography and marine ecology also expanded dramatically. In part this resulted from optimism that the world's oceans would provide a nearly limitless supply of protein. 90 It also arose from concerns about the dumping of nuclear wastes and their potential impact on marine life; in part, it followed major incidents of maritime pollution, including the Torrey Canyon disaster of 1967, where 117,000 tons of crude oil gushed into the English Channel. 91 But it also stemmed from increased recognition that the widespread use of massive factory trawlers by Japan, the Soviet Union, Canada, the United States, and other maritime nations-equipped to harvest cod and other commercially viable species on unprecedented industrial scalesthreatened postwar hopes that the oceans could be maintained as an unlimited food source. 92 By the mid-1960s the United States began strengthening its commitment to biological oceanography through such undertakings as the formation in 1965 of the Environmental Science Services Administration (which became the National Oceanic and Atmospheric Administration [NOAA] in 1970), created by combining smaller agencies such as the Weather Bureau, the Bureau of Commercial Fisheries, and the Coast & Geodetic Survey, the 1966 Marine Resources and Development Act, and the International Decade of Oceanic Exploration in 1968. 93 Interest in the oceans shifted from a predominant concern over defense and mineral resources to fisheries and coastal management, particularly as ongoing negotiations over the United Nations Law of the Sea Treaty ultimately convinced the United States to extend its exclusive economic zone to 200 miles offshore, joining dozens of other maritime nations that had abandoned their former three-mile limits as insufficient. 94 The expansion of biological oceanography and marine fisheries in the 1960s and 1970s paralleled the growth of terrestrial ecosystem science in this same period. While historians have noted that comparatively little intellectual exchange took place between terrestrial and marine ecosystem researchers at the time, members of both communities were concerned with finding improved ways to quantitatively examine changes in ecosystems over time. 95 Following the limited success of the International Biological Programme (1962-66), modeled after the IGY, terrestrial ecosystem ecologists focused increasingly on questions involving scale. 96 The Long-Term Ecological Research (LTER) stations funded by the National Science Foundation as key research centers for ecosystem studies in the late 1970s and early 1980s, like the FLEX experiments in marine ecology, were fundamentally shaped by concern over measuring crucial variables at a wide range of scales, in which sampling and data collection were central concerns.
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Terrestrial and marine ecologists in the late 1960s and 1970s were connected in yet another way: through a widely shared conviction that industrial and technological factors were ravaging the planet, causing great harm to ecosystems and planetary balance. In 1968 the editor of the new research journal Biological Conservation justified its appearance by proclaiming that "[t]he insidious degradation of the biosphere, the 'world ecosystem,' must be generally halted, but this cannot be expected without far wider and more effective dissemination of the need for, and means of, biological conservation, than has hitherto been accomplished."
98 Marine ecologists voiced similar sentiments. In a widely quoted 1970 article, Carleton Ray proclaimed that a "Marine Revolution" similar to the Agricultural and Industrial revolutions had begun in the late 1960s, when marine ecologists realized the inadequacy of isolated expeditions doing "descriptive ecology." When Ray called on marine researchers to focus on the practical problems of fisheries, pollution, and undersea mining, particularly as nations began claiming 200-mile economic zones, he found widespread support for his ideas.
99 By the mid-1970s biological oceanographers had grown increasingly aware that the principle of Maximum Sustainable Yield (MSY) adopted by international agreement in 1955-allowing commercially viable fish stocks to be harvested up to the point that no surplus was allowed to remain-was a deeply flawed concept, made evident by the late 1960s collapse of the North theories or concepts were not set up for testing on the outset," p. Atlantic herring stocks. 100 Arguing that a key weakness of MSY was that it assessed species in isolation and did not allow for environmental fluctuations, many marine ecologists agreed with Eugene Odum's 1977 assertion that ecology was "an anti-reductionist, holistic science" whose practitioners recognized that humans were "abysmally ignorant of the ecosystems of which we are dependent parts," a situation that contributed "to the current dissatisfaction with the scientist who has become so specialized that he is unable to respond to the large-scale problems that now require attention." 101 A further significant factor was a shift of favored research styles at this same time within the professional organization most concerned with fisheries science, the International Council for the Exploration of the Sea (ICES). Through the 1950s and 1960s, key ICES researchers remained primarily concerned with boosting fish catches, and favored the development of mathematical models to understand fluctuations in particular stocks. Few then saw the need for coordinated ecological studies of marine environments, agreeing with ecologist David Livingston's 1964 assertion that "there were very few biological problems that require the simultaneous collection of data over a wide area." 102 But by the mid-1970s, growing numbers of ICES scientists, increasingly wary of seeking general laws for fisheries comparable to those in the physical sciences, began embracing ecological approaches, a trend that accelerated after the United States joined ICES in 1973. Researchers pressed for oceanographic investigations that emphasized large marine ecosystems-among them John Steele, a vigorous proponent of the FLEX experiment and long-term advocate of following paths through foodwebs. "By 1977," as historian Helen Rozwadowski has noted, "environmental science had become an integral part of ICES," helping integrate fisheries research within the biological sciences as well. 103 Indeed, it seems likely that this particular confluence of events in marine science in 1977-the publication of zoologist Peter L. Larkin's stinging critique "Epitaph for MSY," the U.S. decision to adopt the 200-mile limit, the increasingly urgent need to assess the state of marine fisheries stocks, expanded funding for marine science, and renewed interest in oceanographic and ecological approaches-together helped create a particularly receptive environment for utilizing the Stommel Diagram in this community. 104 By the mid-1970s many biological oceanographers had become convinced that the best way to address crucial research issues in their field (as well as problems of fisheries management) was to gain detailed knowledge of the larger ecosystem of the oceans, including the fundamental issue of plankton patchiness and its significance for productivity. To the extent that the response of phytoplankton cells to light, the magnitude of turbulence and upwelling in the upper ocean, and the importance of grazing remained poorly understood, quantitative ecosystem models would remain elusive. 105 Assessing these factors required more than occasional opportunistic expeditions available to biological oceanography through the 1960s: as Ray later noted, the size of the world oceans meant that station data gathered from ships made short-term events "extremely difficult to detect" and synoptic views were "not possible at all."
106 Increased resources available to marine ecologists as states sought comprehensive assessments of fisheries populations, and marine ecosystems required them to think about ways to design adequate experiments to address fundamental conditions. These were precisely the same kind of issues that had first stimulated Stommel to publish his three-dimensional graphing techniques for physical oceanography in Science some fifteen years before.
Seen in that light, Steele's edited 1978 Spatial Pattern in Plankton Communities-which offered the modified Stommel Diagram among other methods to address these key challenges-appeared at a particularly auspicious moment. While Haury was a junior researcher compared to Steele as well as to his coauthors McGowan and Wiebe (Haury had completed his dissertation just two years before), all had worked on research questions where experimental design and issues of scale were crucial. Their combined efforts to apply Stommel's method to biological oceanography thus were intellectually novel and a catalyst 104 Ultimately, then, the Stommel Diagram gained adherents among biological oceanographers for several distinct reasons, beyond its ability to portray scale factors necessary to understand marine environments. It did not matter to them that the Stommel Diagram was neither strictly quantitative nor a tool for calculation. For marine ecologists suspicious of reductionist approaches, seeking to examine ecosystems at the broadest possible scales, the diagram suggested a new approach to marine science. Prior work had attempted to make predictions about the forcing effects of critical components in isolation-for instance, Sverdrup's 1953 effort to create a mathematical model involving critical depths for determining when spring phytoplankton blooms would occur in temperate latitudes, or estimating the biological significance of oceanic frontal zones.
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But by the 1980s and 1990s, as biological versions of the Stommel Diagram diffused to terrestrial ecology, the challenge of analyzing biological phenomena at appropriate spatial and temporal scales-particularly those at regional and global scales lasting decades or longer-had become the central consideration. 109 When the ecologist Simon A. Levin delivered the Robert H. MacArthur Lecture in 1992, setting as his topic "The Problem of Pattern and Scale in Ecology," he credited Stommel with recognizing that "the observed variability of the system will be conditional on the scale of description." For Levin-who had spent time with Steele, Haury, McGowan, and Wiebe in Sicily in 1978 as a fellow invited participant in Steele's NATO conference-the value of Stommel's Diagram ultimately lay in management and prediction. "Understanding patterns in terms of the processes that produce them," Levin declared, "is the essence of science, and is the key to the development of principles for management." 110 In this way, the Stommel Diagram achieved a deeper status within biology than it had gained within physical oceanography.
The rapid proliferation of the Stommel Diagram in the last quarter of the twentieth century thus reflected the political ecology of oceanography in Western nations, particularly the United States. For marine ecologists, the Stommel Diagram was not just a tool for designing observational programs to understand fundamental biological processes (important as this was), but a means of addressing core issues in biological oceanography, with further benefits for fisheries management. In contrast to Stommel-intent on planning experiments to understand the physical ("lifeless") oceans as a central problem in physical science-the burgeoning community of marine ecologists saw the oceans in terms of understanding the necessary conditions for biological productivity. 111 Both groups of researchers were studying the ocean environment, but as the veteran oceanographer Warren Wooster pointed out, important professional and cultural distinctions divided them.
112 Stommel and his colleagues, long accustomed to stable, abundant, military-leavened funding, were hoping by the 1960s for reduced interference from state planners, anxious to do what they defined as "best science." By contrast, many marine ecologists welcomed state research goals that included applied aims, seeing little moral value in science divorced from practical concerns. It is true that the Stommel Diagram's leap from physics to biology took place within the realm of the environmental sciences-in particular at places such as Woods Hole and Scripps, where members of both disciplines worked in close physical proximity. But the professional gulf between them was profound, and the diagram's slow shift within the broad environmental sciences reflected not only the asymmetrical research opportunities and instrumental base but also their distinct disciplinary cultures.
CON CL u S I O N
Herschel's defense of double star diagrams helped convince dubious nineteenthcentury colleagues that graphical methods held great promise for science; Whewell's support of spatial and graphical approaches for studying tides helped persuade governments to fund observing networks; and Feynman's squiggly diagrams of subatomic particle interactions were a crucial innovation in twentieth-century physics as well as a widely recognized icon. But the Stommel Diagram is particularly revealing because it spread further than most graphical methods in modern science, leaping from the physical to the biological sciences.
The Stommel Diagram's remarkable journey across the environmental sciences illuminates significant transformations in science after World War II. Disciplinary issues were crucial. Its use as a tool in both the physical and biological sciences was a direct consequence of instrumental advances and increased opportunities to distribute them across the oceans. No less was it a response to the growing density of observational networks at sea (resulting in an avalanche of data), and the expanding availability of digital computers in the decades following World War II. The Stommel Diagram offered researchers a way to conceive of the oceans as a three-dimensional space to understand the complex interplay between physical and biological processes over a wide range of spatial and temporal scales. In this sense, it was uniquely a product of the second half of the twentieth century: just as the emergence of scale as a unifying concept of ecology depended on the rapid accumulation of ecosystem data in the mid-and late 1970s, the opportunity to develop large new observational programs in physical oceanography in the early Cold War led Stommel to advocate the importance of scale in his privately circulated 1950s papers and in his Science article.
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At the same time, the Stommel Diagram's delayed leap from physical to biological oceanography reflected very distinct institutional, professional, and cultural practices and concerns within these two research communities, despite being adjoining branches of the environmental sciences. 114 Each was affected by the Cold War, but in remarkably different ways. The military's concern with understanding the undersea environment-as the Navy struggled to address applied problems involving undersea warfare and related defense needsreleased a floodgate of resources for physical oceanography as the Cold War began. Physical oceanographers such as Stommel working at WHOI and related research facilities benefited from these greatly enhanced resources (even if Stommel personally opposed the increasing militarization of Woods Hole after 1960). Stommel's ability to pursue instrumented buoy research near Bermuda in the 1950s was a direct consequence of military funding for his research field, and the major expeditions whose research plans he argued were not adequately addressed-including the Indian Ocean Expedition-primarily emphasized physical oceanography. 115 Not until the 1970s, when oceanic pollution and rapidly declining commercial fish stocks led many nations to adopt protective 200-mile fishery and natural resource conservation zones, did biological oceanographers begin to gain comparable access to resources. When marine ecologists finally gained sufficient funds to begin planning the pioneering Fladen Ground Experiment of 1976, they faced for the first time the kinds of questions concerning observational design that Stommel and his colleagues had already faced decades before.
Moreover, by the 1970s the political ecology of the environmental sciences was divided in even more fundamental ways. As Jacob Darwin Hamblin has noted, physical oceanographers in the 1960s worried about maintaining control over the planning of oceanographic research, which they saw as increasingly subject to state efforts to craft science suited for applied policy aims.
116 They defended a "best science" tradition intended to address fundamental unsolved problems; Stommel's intent to use his graphical method as a means to maintain control of expedition planning in the hands of research scientists fits this framework. But marine biologists embraced, often enthusiastically, the direct application of their work to reverse the decline of critical ecosystems and ocean fish stocks, proclaimed the failure of the politically brokered Maximum Sustainable Yield concept for fisheries management, and advocated that the oceans be viewed as a fragile ecological environment. When Eugene Odum argued in 1977 that science "should not only be reductionist in the sense of seeking to understand phenomena by detailed study of smaller and smaller components, but also synthetic and holistic in the sense of seeking to understand large components as functional wholes," many marine ecologists agreed both with his critique and its implicit embrace of applied aims. 117 These epistemological and cultural distinctions persisted even as biological oceanographers gained access to resources increasingly comparable to those in physical oceanography. The "marine revolution" that G. Carleton Ray perceived occurring in marine ecology and biological oceanography in the 1970s had no counterpart in physical oceanography, and widely voiced hopes of creating a new science of "oceanology" uniting physical, chemical, and biological oceanography remained largely elusive in U.S. oceanographic facilities. 118 The delayed migration of the Stommel Diagram from the physical to the biological sciences also underscores important constraints on the spread of innovative techniques within science. Certainly the Stommel Diagram represents a kind of immutable mobile: a graphical representation that retained its general structure and iconic form even after marine ecologists modified it to address key research questions in biological oceanography. Latour himself noted immutable mobiles are often somewhat mutable when they pass into distinct research communities and are adapted to particular new approaches. 119 But the larger significance of the Stommel Diagram's journey is in underscoring the importance not of publications, but rather people, in its diffusion and utility. 120 Despite the initial appearance of the Stommel Diagram in Science, one of the most widely read leading research journals, its jump to biology occurred primarily through individual contacts, including within the tight network of marine biologists that Steele brought together for his landmark 1977 workshop on plankton variability. That the diagram spread primarily between two interdisciplinary marine sciences institutions, WHOI and SIO-rather than among researchers working within traditional university departments-is a further reminder of the importance of these and related institutions for the production of knowledge in post-World War II U.S. science. 121 Finally, the fact that the Stommel Diagram was never an instrument of calculation, but rather one of research planning and design, also makes clear that scientists do not value graphical techniques solely for their potential to achieve quantitative results.
In the end, the Stommel Diagram served the purpose that Herschel had hoped his graphical methods (and those developed after him) would achieve: to show connections that the "most subtle mind" would find "difficult to perceive without such aid," enabling researchers "at once to detect and often to rectify errors." Graphical methods indeed gave shape to the regularities hidden in nature, and encouraged individual scientists and entire research communities to formulate better data-gathering strategies at the start of new research programs. 122 Stommel himself, in 1963, echoed Herschel more than a century before, declaring that technological advances now made possible "a time when theory and observation will at last advance together in a more intimately related way."
123 While Stommel had his own research community in mind, it was the ecologists, more than the physical oceanographers, who best grasped how to utilize his diagram to illuminate the importance of scale as a unifying concept for their discipline.
